IUPAC Glossaries in Toxicology
by Doug Templeton I ncreasingly, chemists, whether in industry, academia, or other settings need to understand the basics of toxicology to meet current legal, safety, and regulatory requirements. As has always been appreciated by IUPAC, understanding starts with good terminology. The core work on a "Glossary for chemists of terms used in toxicology" was published by John Duffus 20 years ago 1 and a fully revised and updated version appeared in 2007. 2 It contains about 1200 terms, and has been adopted by the U.S. National Library of Medicine and, in particular, by the ToxLearn modules on ToxNet. ToxGloss is also found at http://sis.nlm.nih.gov/enviro/iupacglossary/ frontmatter.html. The revised version is included in the "Encyclopedia of Toxicology, 3rd Edition" to be published shortly.
During the production of the revised version, Duffus and coauthors identified a number of terms that seemed to require explanation beyond the level of a footnote appended to the definition. Some of these terms were collected under headings of about 40 concepts, and these were elaborated upon in two "explanatory dictionaries" 3, 4 and subsequently organized, with accompanying concept diagrams, in the book Concepts in Toxicology. 5 The sub-discipline of toxicokinetics serves as a bridge between chemical kinetics and the kinetics of biologically active substances, both predominantly therapeutic or harmful. A glossary of terms in toxicokinetics was produced in 2004 6 and subsequently incorporated into the revised 2007 version of the full glossary. 2 Two extensions have been accomplished since then, with presentation of terms relating to ecotoxicology and immunotoxicology.
Ecotoxicology moves the focus away from a strict emphasis on human health to consider harm to the biosphere in general, and the range of organisms that inhabit it. A glossary of about 1100 terms in ecotoxicology was published in 2009. 7 Again, the goal was to provide a set of clear definitions to those who are not ecologists or toxicologists, but who contribute to studies relevant to ecotoxicology, especially chemists. The content includes terms relevant to environmental analysis, sampling, monitoring, and ecological biomarkers; adverse ecological effects of substances in the environment; and the distribution and chemical speciation of substances in the environment. The authors also hoped that the glossary would "facilitate the use of chemistry in relation to environmental risk assessment."
Immunotoxicology addresses the adverse effects of substances on our natural defense mechanisms against pathogens, and on our responses to allergens and self-antigens. During the course of a project to provide technical reports on mechanisms of immunosensitization to metals, 8 and to evaluate the clinical chemistry of detection of immunosensitization, [9] [10] [11] we became aware of a large void in terminology of chemical aspects of toxicology relating to immunology, and so initiated a project to produce a glossary of terms used in Immunotoxicology. 12 For chemists who need to understand the literature of immunology, with its extensive use of specialized terms and often arcane complexity, the aim was to provide a self-contained collection of about 1200 terms relating to literature on the effects of substances on the innate and acquired immune systems, with annexes addressing effects of toxic and therapeutic substances in autoimmunity and cancer.
Those who consult the glossaries will notice that we generally avoid the term "chemical" in favor of "substance." As was pointed out often during the International Year of Chemistry, "chemical" often has negative connotations for the public, who fail to appreciate that the air we breathe, the water we drink, and the molecules that make up our bodies are all chemicals, and who often associate the word "chemical" with a potentially harmful or toxic substance.
Another feature that will be noted is coverage of terms related to regulatory toxicology and occupational health, examples of which include the threshold limit value (TLV), short-term exposure limit (STEL), threshold of toxicological concern (TTC), and noobserved-adverse-effect level (NOAEL). Terms related to chemical (substance) interactions, such as additivity, synergism and antagonism are included, and given further discussion in a chapter in ref. [5] . The concepts of toxicity, adverse effect, risk versus hazard, and risk assessment are all given clear definitions.
A question we faced frequently was how far to stray from chemistry into the language of medicine? We opted to stray far enough to provide moderately self-contained documents for the chemist without recapitulating medical textbooks. Thus, we included some medical adjectives (e.g., hepatic, tetanic, ocular) 
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that occur very frequently in the toxicological and risk assessment literature. We selectively included terms that describe symptoms and signs (e.g., vertigo, tinnitus, lacrimation, icterus); and we included some disease processes, for instance, autoimmune diseases that display constellations of signs and symptoms that are important in chemical and pharmaceutical toxicology (e.g., systemic lupus erythematosus, Raynaud phenomenon, polyendocrinopathy)-for these we have tried to give succinct and understandable definitions that are nevertheless accurate in terms of current medical usage.
One pleasure for the authors in constructing a glossary is encountering problematic terms that excite considerable discussion within the Task Group, and in the global reviewing community. A few favorites (describing the considerations without revealing the definitions decided upon) are:
apoptosis: This common mechanism of both natural and toxicological cell death was originally identified and carefully described in terms of a number of distinct features of cell morphology, but in current research a number of specific biochemical parameters are used. These in turn give rise to subcategories, such as for instance a distinction between caspase-dependent and caspase-independent apoptosis. A challenge was how to combine classical descriptive terms with biochemical parameters into a succinct but accurate definition that reflects usage in the current scientific literature. These concepts are discussed further in [5] .
epigenetics: This is an example of a term that has changed significantly in meaning over the last couple of decades, and continues to evolve now. Earlier, it referred to phenotypic changes that were not brought about by specific mutations in DNA sequence, but rather by changes that did not affect DNA. Thus, carcinogens were divided into mutagenic (that brought about changes in DNA) and epigenetic (that acted by other mechanisms). Now the term may be used in quite a different sense, for example, referring to heritable changes in DNA that result from specific chemical modifications to DNA bases that affect the way that genes are read, and that are recognized as part of the natural genome. As more is learned about the chemical nature of modifications and the determinants of heritability, the term continues to evolve.
Dobson unit: This term in environmental science describes how much atmospheric ozone has deteriorated above a given region of the Earth's surface, and is usually measured by absorption spectroscopy. We found that it is not always reported in the same way, and deciding on a clear recommended definition with a consistent set of SI units proved to be a more difficult exercise than first anticipated.
dendritic cell: This refers to a type of cell that is important in immunology and immunotoxicology. It serves to present antigens for recognition by T-lymphocytes of the immune system, and was the subject of the 2011 Nobel Prize in Physiology or Medicine. However, the systematic nomenclature of dendritic cells is far from straightforward, involving several different qualifying adjectives arising, in part, from different classifications based on function, morphology, cell lineage, and species. It was necessary to supplement a succinct definition with five additional notes that should be satisfactory for the purposes of most users of the glossary.
Forssman antigen: Here is an example where a concise definition was difficult, and I am not sure we have adequately conveyed the meaning to the nonimmunologist. It requires cross-reference to the terms heterophilic antigen and heterophilic antibody, which themselves require a certain specialized background. This is also an example of where a correct definition in itself does not convey the deeper meaning of the term, but hopefully such instances are infrequent.
Dealing with toxicology-and particularly with toxicity testing-naturally impinges on a number of ethical issues. Animal models in toxicity testing can be controversial. The notorious Draize test, in the ocular variant, is used to assess the potential of a substance to cause irritation to the eye, and involves application of the test substance directly to the eye of a restrained rabbit. We have felt the need to add a note stating that the test is widely criticized as unethical and is now often replaced with an acute test using cadaveric chicken eyes. In [5] , we discuss how the lethal dose (LD50) approach is being replaced by computational modeling, fixed-dose methods, and approaches that assess survival rather than lethality, leading to a huge decrease in animal usage and animal suffering.
And finally, it would be remiss not to note instances where we have identified spurious terms and passed judgment on others. Duffus has pointed out 13 that the often used term "heavy metal" has been defined in many different ways, none of them satisfactory, and hence while it is included in the glossary 2 for completeness, we present it as an "erroneous term used commonly...but having no generally agreed meaning... sometimes even applied to nonmetals...a source of confusion and to be avoided." The often-related term "toxic metal" is also to be avoided. It is deferred to IUPAC Glossaries in Toxicology toxic substance, and is not itself defined. For example, whereas nickel has no, or minimal, essentiality in humans and is often named as a "toxic metal", manganese is an essential element required in a number of enzymes. However, ingestion of Ni salts at relatively high concentrations is well tolerated, whereas inhalation of Mn fumes leads to neurotoxicity. So, the distinction of Mn as an "essential metal" and Ni as a "toxic metal" is very imprecise and misleading terminology. Another term of some controversy is the syndrome of "multiple chemical sensitivity." Here we add a note that "There is insufficient scientific evidence to confirm a relationship between any of these possible causes and symptoms." 2 
Current IUPAC Projects
These concepts and concept diagrams presented in [5] form the basis for a current project (Concepts in Toxicology -Instructional Materials; IUPAC project 2011-032-1-700) that is designed to provide audiovisual instructional material online, allowing students and professionals alike to gain insight into the basis of toxicology from the level of the molecule to the whole organism, to understand how toxicological principles are applied in risk assessment and regulation, and to self-test their understanding. A pilot of several modules has already undergone beta testing with a group of postgraduate students from diverse backgrounds taking a toxicology course in Thailand.
Two new projects have been funded by the Chemistry and Human Health Division in 2013. The first, "Glossary of terms used in neurotoxicology and reproductive/developmental toxicology" (IUPAC project 2013-001-2-700), is intended to fill gaps that are perceived in the previous glossaries' contents. And, an ambitious project is underway to prepare a consolidated and extended "IUPAC Glossary of Terms Used in Toxicology" (IUPAC project 2013-006-1-700) that will update definitions, combine all the glossaries, remove redundancies, and incorporate some new terminology. It will be made available online in a searchable format.
